Abstract: The Australian Monsoonal Tropics (AMT) is a unique location for the study of phylogeography and intraspecific genetic variation in freshwater fish. We assessed the phylogeographic structure of 5 species from 2 genera across the region. The species included 3 neosilurids (Plotosidae, Neosilurus hyrtlii, Neosilurus ater, and Neosilurus pseudospinosus) and 2 members of the genus Oxyeleotris (Eleotridae, O. selheimi and O. lineolata). We used mitochondrial deoxyribonucleic acid (mtDNA) and phylogenetic analyses to explore the phylogeographic histories of these species. Overall, phylogeographic patterns were inconsistent. Some species were highly structured, and phylogeographic breaks were detected (e.g., N. hyrtlii, N. pseudospinosus, and O. selheimi), but other species showed no obvious divergences across the AMT (N. ater and O. lineolata). All species sampled in the Gulf of Carpentaria had shallow phylogenies, consistent with the expectation that historically, Lake Carpentaria would have provided connectivity through this region. All species also showed evidence of recent connectivity across drainage divides on the eastern and western coasts of the Cape York Peninsula. Some species in the Kimberley region were highly structured, consistent with expectation that these ancient and geologically stable catchments would promote divergence in allopatry. Conservation efforts should now be directed toward ensuring that the intraspecific biodiversity identified in our study and others are protected in the future.
The Australian continent has a depauperate freshwater fish fauna, thought to originate from its arid climate and historical isolation from other land masses (Unmack 2001 , 2013 , Allen et al. 2002 . However, the Australian fish fauna is poorly understood, and much biodiversity at the species and intraspecific level has not yet been documented. For example, in a recent phylogenetic reassessment of the rainbowfishes (Melanotaeniidae) in Australia and New Guinea, 15 to 20 new or unrecognized species were identified . Within species, researchers are finding genetically distinct clades (e.g., Cook et al. 2014 ), a situation that has led to reconsideration of the formation and patterns of biodiversity on the continent.
In particular, the biodiversity and biogeography of northern Australia is poorly understood relative to the southern part of the continent (Bowman et al. 2010 ). This region is dominated by the Australian summer monsoon and often is described as the Australian Monsoon Tropics (AMT; Bowman et al. 2010) . Although it is sparsely populated by humans, the AMT is seen as a region of future economic development (Bowman et al. 2010) . The abundant supply of freshwater during summer is an attractive asset on an otherwise dry continent, and these riverine resources will require management as the region is developed. New insights into freshwater biodiversity across northern Australia will enable approaches to river management that account for unique biodiversity features, such as areas with high endemism or taxonomic richness. For example, ongoing conservation planning is being undertaken to identify regions for conserving aquatic biodiversity in northern Aus-E-mail addresses: 4 j.huey@griffith.edu.au; 5 tralia (Kennard 2010 , Hermoso et al. 2011 , 2012a , b, Linke et al. 2012 . Enhanced knowledge of basic biodiversity of the freshwater fauna of this region will augment these conservation efforts.
Comparative phylogeography is a powerful tool for investigating biodiversity in this region. If we can identify congruent patterns of intraspecific divergence and link these to landscape features that may have shaped these patterns, we might be able to make broad generalizations about biodiversity across the entire region. For example, in the rainforests of northeastern Australia, snails and insects are strong predictors (or surrogates) for climatedriven vicariance in vertebrates (Moritz et al. 2001) . However, authors of many comparative phylogeographic studies have identified incongruent patterns of intraspecific divergence (e.g., Michaux et al. 2004) , making generalization difficult. When incongruence is observed, possible ecological differences between species that may explain such inconsistencies must be identified (Unmack 2013) . For example, differences in life history, such as migratory behavior (e.g., Schmidt et al. 2014) , are likely to alter phylogeographic patterns dramatically by providing connectivity for some species and not others.
The main feature that has shaped the phylogeographic history of freshwater species in the AMT is the Gulf of Carpentaria (catchments 20-32; Fig. 1A ). Historically, the gulf has alternated intermittently between being a brackish gulf and a freshwater lake (Lake of Carpentaria), which was most recently inundated by saltwater ∼10,000 y ago ( Fig. 1A ; Torgersen et al. 1988 , Chivas et al. 2001 , Voris 2001 . This large freshwater lake and associated drainages may have connected populations of many freshwater taxa from the eastern Top End to the eastern Gulf and New Guinea (Fig. 1B) . Many investigators have studied genetic variation in species that would have been connected by Lake Carpentaria and repeatedly have found shallow phylogenies and a historical relationship with New Guinea (de Bruyn et al. 2004 , Masci et al. 2008 , Huey et al. 2010 , Cook et al. 2012 . This large homogenizing feature is bookended by 2 other regions. The east coast of Australia is separated from the Gulf of Carpentaria by Torres Strait, a currently 10-m-deep passage between Cape York and New Guinea, which has intermittently formed a land bridge separating the east coast and western gulf during sea-level fluctuations (Chivas et al. 2001 , Voris 2001 . Torres Strait acts as a barrier to dispersal for a freshwater prawn (de Bruyn et al. 2004) . Headwaters along the Great Dividing Range, which separates eastern and western flowing catchments on Cape York Peninsula, are in close proximity, and low-relief drainage boundaries and high rainfall may have provided occasional opportunities for dispersal. As a result, the fish fauna is similar on both sides of Cape York (Unmack 2013) .
Phylogeographic breaks have been found on the western side of the Gulf of Carpentaria basin and Top End (catchments 19-20; Fig. 1A ) for freshwater shrimps, crayfishes, and fishes (de Bruyn et al. 2004 Fig. 1A ), whereas a deeper break (3.9%, 523-bp fragment of CO1 mtDNA) was found between the Roper and McArthur catchments for crayfish (catchments 21 and 22; Fig 1A) . For fish, a phylogenetic break (1.3%, 396-bp fragment of control region mtDNA) was found between subcatchments of the Nicholson catchment (catchment 24; Fig. 1A ). These breaks are often attributed to the historical positioning of drainages, whereby catchments in the Top End region independently flowed to either the Arafura Sea or the discharge from Lake Carpentaria (Voris 2001) . The exact location of these breaks varies from species to species, possibly because of more recent dispersal across catchment boundaries.
Further west, in the Cambridge Gulf (catchments 9 to 14; Fig. 1A ), is a region of low topography where catchments would have merged during periods of lower sea level. Biogeographic analyses suggest recent connectivity among catchments during periods of low sea level, and flooding may connect catchments intermittently over contemporary time frames (Unmack 2001) . This situation contrasts with Kimberley (catchments 1-8; Fig. 1A ), which is characterized by ancient, geologically stable catchments (Ollier et al. 1988 , Gale 2006 . Therefore, for the species that inhabit this region, large divergences are often detected among close catchments (Phillips et al. 2009 , Cook et al. 2011b , Young et al. 2011 . For example, Cook et al. (2011b) found many divergent lineages of freshwater caridean shrimp in the Prince Regent, King Edward, and Drysdale catchments (catchments 5, 6, 7; Fig. 1A) .
To date, few phylogeographic studies of freshwater species in this region have focused on genetic patterns across the entire region for a single species. One exception is a freshwater fish, Leiopotherapon unicolor, for which none of the abovementioned intraspecific divergences were observed (Bostock et al. 2006 ). This result suggests that for widespread species, dispersal ability may be the most important factor shaping phylogeographic patterns. Leiopotherapon unicolor is renowned for its ability to colonize new habitats (Unmack 2013) . However, Bostock et al. (2006) were attempting to identify cryptic species rather than describe intraspecific variation. Therefore, they used a slowly evolving mtDNA gene (16S ribosomal ribonucleic acid), so they may have missed important intraspecific variation. We investigated 5 species to provide more information about the phylogeographic history of widespread species in the AMT. Four species have a broad distribution (Neosilurus hyrtlii, Neosilurus ater, Oxyeleotris selheimi, Oxyeleotris lineolata), and one has a narrow distribution (Neosilurus pseudospinosus). We chose multiple species from within 2 genera because similar ecological niches, behaviors, and physiological tolerances could possibly lead to similar phylogeographic patterns among species within a genus.
Our goal was to describe the broad-scale patterns of genetic structure in these species and to understand the historical role of landscape features and species biology in shaping genetic variation across the AMT, in particular on widely distributed species. From this data set, we described general comparative phylogeographic patterns and proposed hypotheses for future research. Based on the broad landscape features that are likely to shape phylogeographic structure in the AMT, we expected to identify the following patterns: 1) Populations distributed within the Gulf of Carpentaria region (catchments 20-32; Fig. 1A ) will have shallow phylogenies, indicative of the homogenizing effect of Lake Carpentaria in the recent past. This shared history across Lake Carpentaria will extend to populations in southern New Guinea. 2) Populations distributed throughout catchments flowing east and west across the Cape York Peninsula (catchments 28-35; Fig. 1A ) will have a recent shared history because of possible recent dispersal events across the Great Dividing Range. 3) Phylogeographic breaks will be observed west of the Gulf of Carpentaria (in the region surrounding catchments 19 and 20; Fig. 1A ). 4) Populations will show low genetic structure through the Cambridge Gulf (catchments 9-14; Fig. 1A) , consistent with recent hydrological connections and ongoing flooding that might connect populations contemporaneously. 5) Many distinct lineages will be detected in Kimberley (catchments 1-8; Fig. 1A ), corresponding to ancient, more isolated drainages.
METHODS

Study species
Neosilurus hyrtlii is one of the most widely distributed and abundant species on the Australian continent (Fig. 1C) and has a distribution similar to that of L. unicolor. Neosilurus hyrtlii exists across many drainage basins from southeastern Queensland across the endorheic desert catchments and the AMT, but phylogeographic studies have only found small divergences across major basin divides (Huey et al. 2006 (Huey et al. , 2008 . These studies were conducted in the aridzone catchments of central Australia and in the Gulf of Carpentaria. No published studies have been carried out across the AMT. Neosilurus hyrtlii appears to have traversed catchment boundaries more recently than other species in central Australia and the Gulf of Carpentaria, a pattern suggesting a strong dispersal ability (Hughes et al. 2009) .
Neosilurus ater has a much smaller distribution than N. hyrtlii (Fig. 1D ). However, unlike N. hyrtlii, N. ater also is found in southern New Guinea. Specific distribution data are poor for N. ater, but it is thought to be distributed continuously across the AMT (Pusey et al. 2004 ). On the east coast, N. ater is found as far south as the Pioneer River (catchment 38; Fig. 1A ). Neosilurus pseudospinosus is an uncommon and geographically constrained species that exists in a number of catchments in the Kimberley and western Northern Territory (Fig. 1E) . Oxyeleotris lineolatus and O. selheimi are ecologically similar and have largely sympatric ranges ( Fig. 1F, G ; Pusey et al. 2004 ). Both species are widely distributed across the AMT and occur in southern New Guinea. Regional phylogeographic studies have not been undertaken for N. ater, N. pseudospinosus, O. lineolatus, or O. selheimi.
Sampling and genetic analyses
Individuals of all 5 species were sampled from across their range in the AMT and from New Guinea (3 species) ( Fig. 2A , B). Our goal was to describe broad-scale patterns of phylogeographic structure, especially among the regions described above. We placed emphasis on sampling as many catchments as possible rather than on collecting many samples from within catchments. For many catchments, only a single individual was collected (Table 1) . However, we think this sampling strategy is adequate to make generalizations about phylogeographic structure in these species on a broad scale.
We caught fishes with seine nets and backpack electrofishing units. Upon capture, we identified fishes, preserved a fin clip in ethanol, and returned the specimen to the water. Genomic DNA was extracted by the methods of Doyle and Doyle (1987) . We amplified a fragment of the ATPase 6 and 8 mtDNA genes using the same primers, polymerase chain reaction (PCR) conditions and sequencing protocols described by Cook and Hughes (2010) .
Statistical analyses
We aligned sequences with SEQUENCHER (version 4.1.2; Gene Codes Corporation, Ann Arbor, Michigan) and trimmed them to a single length for analysis. For the 3 Neosilurus species, we successfully sequenced and aligned 694 bp of mtDNA. For the 2 Oxyeleotris species, we successfully sequenced and aligned 716 bp of mtDNA.
We visualized the haplotype data with 95% parsimony networks, calculated with TCS (version 1.21; Clement et al. 2000) . Within some species, the evolutionary relationships between some groups of haplotypes could not be resolved using networks. For ease of communication, we refer to these disconnected groups as haplogroups. To give evolutionary context to these haplogroups, we ran maximum likelihood (ML) analyses with RAxML-HPC2 on XSEDE (version 7.6.3; Stamatakis 2006) using the CIPRES Science Gateway (Miller et al. 2010 ). The best tree was found under the General Time Reversible + Gamma (GTR+G) Table S1 for haplotype numbers. See Table 2 for genetic distances among and within haplogroups and regions. GenBank accession numbers for haplotypes are KF413445-KF413576. model, and bootstrap support was estimated using 1000 replicates (Stamatakis et al. 2008 ). We ran a ML analysis on each genus to allow direct comparisons of the divergences among haplogroups.
Average maximum composite likelihood pairwise genetic divergences among and within observed haplogroups and regions were calculated using MEGA 5.1 (Tamura et al. 2011) .
RESULTS
Broad-scale
Oxyeleotris selheimi consisted of 34 haplotypes grouped into 3 haplogroups (Fig. 2C, Tables 1, S1 ) sequenced from 124 individuals. Samples were taken from 22 catchments across the entire distribution of O. selheimi and included samples from New Guinea (Table 1) . Haplogroups S-B and S-C were strongly supported (95/100 and 98/100 respectively), whereas S-A was weakly supported (53/100). These haplogroups were similarly divergent (2.58-2.76%; Table 2 ) and the evolutionary relationships among haplogroups were poorly resolved. The 3 haplogroups had overlapping distributions. Haplogroup S-A was distributed almost throughout the range of the species, including New Guinea. Haplogroup S-C was restricted to Cambridge Gulf, and was sympatric with haplogroup S-A in the Daly catchment (catchment 13; Fig. 1A ). Haplogroup S-B was allopatric relative to the other samples and was found only in western Kimberly.
Across 137 sequenced O. lineolata individuals we found only 1 strongly resolved haplogroup comprising 23 haplotypes. Samples came from 18 catchments throughout its recognized range, including the Fly River in New Guinea (Fig. 2C, Tables 1, S1 ).
Neosilurus hyrtlii consisted of 51 haplotypes grouped into 4 haplogroups (Fig. 2F ) sequenced from 129 individ- (Tables 1, S1 ). Samples were taken from 27 catchments, from the full distribution of the species in the AMT and included samples from the east coast of Australia. A subset of the haplogroups (H-A, H-B, and H-C) formed a strongly supported polytomy, ∼3.2 to ∼4.3% divergent from each other ( Table 2 ). These 3 haplogroups were restricted to the catchments west of the Gulf of Carpentaria. Haplogroups H-A and H-B were restricted to Kimberly, whereas H-C was restricted to Cambridge Gulf and Top End. Haplogroup H-D was only weakly supported (bootstrap support = 34/100) and was found across the Gulf of Carpentaria and along eastern Australia. Within Haplogroup H-D, 2 distinct groups were evident, one restricted to the Gulf of Carpentaria and northeastern Australia and the other found further south on the east coast. These groups were 1.8% divergent.
Neosilurus ater consisted of a single haplogroup comprising 17 haplotypes sequenced from 60 individuals (Fig. 2D, Tables 1, S1 ). Samples were taken from 11 catchments from the east coast to the Kimberley region, including samples from the Fly River in New Guinea.
Neosilurus pseudospinosus consisted of 5 haplotypes grouped into 2 haplogroups sequenced from 22 individuals (Fig. 2D, Tables 1, S1 ). These were sampled from Kimberley. One sample was taken from the Cato catchment in Top End (between catchments 19 and 20; Fig. 1A) , from outside its recognized range. Haplogroup P-A was found in the Drysdale catchment (catchment 7; Fig. 1A ) and was 1.22% divergent from haplogroup P-B (Table 2) . Haplogroup P-B comprised 2 distinct groups that were 0.48% divergent.
Gulf of Carpentaria, New Guinea, Northeastern and Eastern Australia
Within the Gulf of Carpentaria (gray region in Fig. 2A ), shallow phylogenies were detected for O. selheimi, O. lineolata, N. hyrtlii, and N. ater. Most of the haplotypes for these species in this region were closely related (withinregion pairwise sequence divergence = 0.13-0.41%; Table 2) and formed star-shaped phylogenies. The exceptions were haplotype 171 for O. selheimi from haplogroup S-A and N. hyrtlii haplotypes 251 and 279 in haplogroup H-D. For O. selheimi, the divergent haplotype was sampled in the Edward catchment (between catchments 30 and 31; Fig. 1A , Table S1 ), where haplotype 159 was sampled. Both of the highly divergent haplotypes for N. hyrtlii were sampled from the Coleman catchment (catchment 29; Fig. 1A) , where haplotypes 99, 113, 112, and 235 were sampled.
Evolutionary relationships for the 3 species that were sampled from the Fly River differed between the AMT and New Guinea. For O. lineolata, the Fly River samples were highly divergent, but most closely related to the Gulf of Carpentaria samples (∼1.8% divergent from all Gulf of Carpentaria samples; Fig. 2C, Table 2 ). For O. selheimi, some divergence was found (0.98% divergent from the Gulf of Carpentaria samples; Fig. 2C, Table 2 ), but the samples were most closely related to Cambridge Gulf samples. Homoplasy and many unsampled haplotypes in the haplogroup S-A network suggest that the evolutionary relationships among regions are not clear. For N. ater, haplotype 101 was shared between the Gulf of Carpentaria and New Guinea, but many unique haplotypes were found in each region (0.073% mean divergence; Table 2 ).
Pairwise divergences between the Gulf of Carpentaria and northeastern Australia were low, but no shared haplotypes were found for the 3 species for which these samples were available (between the Gulf of Carpentaria samples and the northeastern Australia samples: O. selheimi, 0.63%; N. hyrtlii, 0.36%; N. ater, 0.47%; Table 2 ). For O. selheimi, 2 distinct groups of haplotypes were found (haplotypes 294 and 12, 17 and 15; Fig. 2C ), which were all sampled from the Normanby catchment (catchment 34 in Fig. 1A , Table S1 ).
Samples of 3 species (O. lineolata, N. hyrtlii, and N. ater) were collected from catchments on the east coast of the continent that did not share catchment boundaries with the Gulf of Carpentaria (yellow catchments in Fig. 2A ). For N. hyrtlii, the eastern Australian samples were highly divergent (1.8% divergent; Table 2 ). For O. lineolata and N. ater, they were much less divergent.
Gulf of Carpentaria vs the Top End and Cambridge Gulf
For O. selheimi, O. lineolata, and N. ater, only weak phylogeographic breaks were found between the Gulf of Carpentaria catchments and those catchments further to the west. For O. lineolata, the pairwise divergence was low, and a haplotype was shared between the Gulf of Carpentaria and the Top End (haplotype 196; Fig. 2C ). For O. selheimi, no haplotypes were shared, and the divergence between the Gulf of Carpentaria samples and Top End and Cambridge Gulf samples was 1.02% (Table 2 ). For N. ater, only a recent divergence was detected between the Gulf of Carpentaria and Top End samples (0.39%; Table 2 ). In contrast, a unique haplogroup of N. hyrtlii that did not occur in Top End, Cambridge Gulf (H-C), and Kimberly (H-A and H-B) was found in the Gulf of Carpentaria/East Coast region (H-D). Haplogroup H-D was 4.82% divergent from haplogroup H-C (Table 2) .
Cambridge Gulf
Patterns within Cambridge Gulf were variable. For N. hyrtlii, haplotypes were closely related, with low average divergence (0.004; Table 2 ). In contrast, a highly divergent haplotype for N. pseudospinosus was found in the Daly catchment (haplotype 286; Fig. 2D , Table S1 ). For O. selheimi, a similar pattern was observed, with 2 distinct haplogroups in the Daly catchment (haplogroups S-A and S-C; Table S1 ). Within haplogroup S-A, Cam- Table 2 . Within-and between-clade average maximum composite likelihood pairwise distances. The clades are based on those described in Fig. 2C, D bridge Gulf samples were not closely related or reciprocally monophyletic, and divergent haplotypes were not restricted to separate catchments (Fig. 2C , Table S1 ). Oxyeleotris lineolata haplotypes were closely related, but a divergent haplotype (203) occurred in the Ord catchment (Fig. 2C , Table S1 ).
Kimberley region
For most species, Kimberly contained highly divergent haplotypes. Neosilurus hyrtlii consisted of 2 haplogroups, H-A and H-B (Fig. 2D) . Haplotypes in haplogroup H-B were found in the Drysdale and Fitzroy catchments. The haplotypes from H-B found in the Fitzroy catchment were restricted to the Barnett River, Manning Creek, and Hann River (data not shown). These drainages share a headwater drainage divide with the Drysdale catchment, where the rest of the individuals from haplogroup H-B were found. Individuals belonging to haplogroup H-A were found throughout the rest of the Fitzroy catchment and in the adjacent May River (Lennard catchment) and Isdell catchment.
Two O. selheimi haplogroups were detected. One (S-B) was restricted to western Kimberley, whereas haplotypes from King Edward and Pentecost belonged to haplogroup S-A (Fig. 2C) . One sample of N. pseudospinosus from the Fitzroy catchment belonged to a unique haplogroup (P-A) and was 1.2% divergent from haplogroup P-B (Fig. 2D , Table 2 ).
DISCUSSION
Gulf of Carpentaria
Consistent with hypothesis 1, all species sampled in Gulf of Carpentaria catchments consisted of closely related haplotypes across the region. This result mirrors those of previous studies in which shallow genetic divergences were found among catchments throughout the gulf region for fishes and crustaceans (de Bruyn et al. 2004 , Masci et al. 2008 , Huey et al. 2010 , Unmack and Dowling 2010 , Cook et al. 2012 . These studies clearly show that the large freshwater Lake Carpen- taria, which connected rivers across the Gulf of Carpentaria during periods of low sea level, is the primary driver of genetic structure for freshwater organisms in this region (Chivas et al. 2001 , Bowman et al. 2010 . Consistent patterns of shallow divergences have been detected for most species in the Gulf of Carpentaria, but investigators have found variation in the timing of connectivity across the region. Dating population divergences among catchments in the gulf has yielded estimates between 25 and 97 thousand years ago (kya) (N. hyrtlii; Huey et al. 2008) , 109 and 378 kya (the freshwater fish Ambassis macleayi; Huey et al. 2010) , and ∼130 kya (the freshwater fish Glossamia aprion; Cook et al. 2012 ). de Bruyn et al. (2004 estimated that populations of the freshwater prawn Macrobrachium rosenbergii in the gulf expanded between 77 and 154 kya. Based on pairwise divergences, Unmack and Dowling (2010) estimated that the most-recent common ancestor (MRCA) of the freshwater fish Craterocephalus stercusmuscarum sampled in the gulf existed ∼1.9 million years ago (mya).
The estimate for C. stercusmuscarum is significantly older than the other estimates, but this difference is at least partly because estimates of MRCA typically are older than estimates of population divergence (such as those presented by Huey et al. 2008 Huey et al. , 2010 because the coalescence of genes occurs at some point before the splitting of populations, as a function of effective population size (Hey and Nielsen 2004) . Therefore, these estimates may be more concordant than is immediately apparent. Nonetheless, all of these estimates significantly predate the last time the lake was estimated to have been fresh, ∼10 kya (Torgersen et al. 1988 , Chivas et al. 2001 , and are within the mid-to late-Pleistocene. Cook et al. (2012) suggested that this timing was a result of evaporation of water from catchments before reaching the lake because the region was more arid during the Last Glacial Maximum than at present, so connectivity may have been reduced. Our data support the hypothesis that Lake Carpentaria facilitated widespread connectivity of freshwater taxa in the recent past.
New Guinea
The Fly River currently drains east of the Torres Strait into the Coral Sea. Some investigators proposed that the Fly River may have flowed west into the Lake of Carpentaria ∼40 kya (Blake and Ollier 1969, Torgersen et al. 1988) , but this hypothesis has been rejected by other authors (Harris et al. 1996) . Our results for N. ater and O. selheimi support a recent relationship between the Fly River and Gulf catchments. A shared N. ater haplotype probably is the product of incomplete lineage sorting since divergence, rather than recent gene flow. The pattern for O. lineolata is more divergent and is suggestive of an older divergence time.
Phylogeographic analysis of the giant freshwater prawn (M. rosenbergii) revealed strong divergence between the Fly River and Gulf of Carpentaria catchments and supported the hypothesis that the Fly River did not flow into the Lake of Carpentaria (de Bruyn et al. 2004 ). In contrast, Cook and Hughes (2010) found incomplete lineage sorting for Denariusa australis between the eastern gulf catchments and the Fly River, with an estimated divergence of 500 kya. Overall, these results highlight the complex relationship between New Guinea and northern Australia, and suggest that broader sampling across southern New Guinea with additional species is required to help unravel biogeographic patterns.
The overall genetic structure throughout the AMT was lowest in species that also were found in New Guinea. This result suggests that species distribution may be a strong predictor of phylogeographic structure, dispersal ability, and recent range expansions, an observation that also has been made for marine species (Rocha et al. 2007) . It seems to be contradicted by the high structuring of the most widely distributed species in our study, N. hyrtlii. However, N. hyrtlii may not be a single species and inferences based on its "species" distribution may be misleading.
Northeastern and eastern Australia
In accordance with hypothesis 2, species in catchments on either side of Cape York shared a recent common ancestry. The Great Dividing Range creates a drainage divide separating eastern and western drainages on Cape York, but all species sampled on both sides (N. hyrtlii, N. ater, O. selheimi, and O. lineolata) exhibited only weak phylogeographic structure across this boundary. Drainage rearrangements (beheading, capture, and diversion; Bishop 1995, Hurwood and Hughes 1998) often have been invoked to explain such patterns, but dispersal across catchment boundaries also can be facilitated by high rainfall in regions of low catchment-boundary relief, a common feature in Australian rivers (Unmack 2013) . Of particular relevance for our study is the occurrence of lava flows in the upper Mitchell that may have lowered catchment boundaries and facilitated dispersal across the Great Dividing Range (Unmack 2013) .
We sampled 7 distinct drainages for N. hyrtlii along the east coast of Australia. This sampling was more thorough than for the other species, and it revealed a large break between the Tully (catchment 36; Fig. 1A ) and Muck/Normanby (catchments 34 and 35; Fig. 1A ) catchments. The only other species that we sampled as far south on the east coast was O. lineolata, and it did not show comparable divergence. Wong et al. (2004) sampled the freshwater fish, Pseudomugil signifer, and detected a similar break that was correlated with the Burdekin Gap, a known biogeographic break in terrestrial organisms. However, the Burdekin Gap is slightly to the south of the Tully catch-ment (Fig. 1A) . More continuous sampling is required to identify the exact location and possible causes of this divergence.
Gulf of Carpentaria vs the Top End and Cambridge Gulf
Hypothesis 3 predicted that phylogeographic breaks would be detected west of the Gulf of Carpentaria because catchments across Top End may not have been as connected to Lake Carpentaria and associated drainages as catchments in the Gulf of Carpentaria (Fig. 1A) . Divergences were observed between these regions for all species sampled across Top End (N. hyrtlii, N. ater, O. selheimi, O. lineolata). However, an O. lineolata haplotype was shared between the regions, and divergences for O. lineolata, N. ater, and O. selheimi were low (0.39-1.02%). These levels of divergence are similar to that observed in a freshwater prawn and a freshwater fish (0.33 and 1.3% respectively; de Bruyn et al. 2004 , Huey et al. 2010 .
In contrast, N. hyrtlii showed a deep divergence (4.8%), similar to that observed in a freshwater crayfish (3.9%; Baker et al. 2008) . However, for the crayfish, the break was found further east, between the Roper and McArthur catchments (catchments 21 and 22; Fig. 1A ). Haplogroups on either side of this region could be separate cryptic species of N. hyrtlii, and thus, the intraspecific divergences of O. selheimi, O. lineolata, and N. ater would not be comparable to the deeper, interspecific divergence found in N. hyrtlii. Future taxonomic research and ecosystem niche modeling may better resolve the biogeographic explanations for this distribution.
Kimberley and Cambridge Gulf
Hypothesis 5 predicted that Kimberley would harbor many distinct lineages. Kimberley is an ancient landscape, characterized by deep gorges that could have acted as refugia for millions of years (Ollier et al. 1988 , Unmack 2001 , Gale 2006 . In particular, the catchments that drain the sandstone plateau country (Prince Regent, Mitchell, King Edward, and Drysdale) are highly isolated and have high numbers of endemic species and high phylogenetic diversity (Unmack 2001 , Cook et al. 2011b . In addition, the continental shelf is narrow, which minimizes opportunities for dispersal among drainages during periods of low sea levels (Fig. 1A) . Therefore, catchments are likely to remain isolated for long periods of time, leading to divergence and differentiation (e.g., Young et al. 2011) . This situation contrasts with that proposed in hypothesis 4, which predicts that catchments to the east of Kimberley (Cambridge Gulf), will show shallow divergences because they all flow onto a broad floodplain, which is expected to facilitate occasional movement across catchment boundaries (Unmack 2001) .
Broadly speaking, our results support this description of the region. For the 3 species that were structured across the region (N. hyrtlii, N. pseudospinosus, and O. selheimi), divergent haplogroups with narrow ranges were detected in the Kimberley region (H-A, H-B, P-A, and S-B) with more widespread clades found in the Carpentaria Gulf region (H-C, P-B, and S-A). However, this pattern differed from that of shallowly differentiated N. ater, which was sampled in the Fitzroy catchment and was not strongly divergent from the nearest sampled catchment (East Alligator, catchment 18; Fig. 1A) .
Within the Cambridge Gulf, most haplotypes were closely related, except for N. pseudospinosus and O. selheimi. These species had highly divergent haplotypes in the Daly catchment. The incomplete nature of our sampling design makes discussion of this result challenging. However, multiple clades of Mogurnda mogurnda also have been found in the Daly catchment (Cook et al. 2011a) , and the Daly catchment may represent an area of unusually high phylogenetic diversity (Faith 1992) .
We sampled 2 divergent haplotypes of N. hyrtlii (H-A and H-B, 3.2% divergent) in western Kimberley (in the Fitzroy catchment, catchment 2; Fig. 1A ). However, they were not sympatric. Haplogroup H-B was restricted to the Barnett River, Manning Creek, and Hann River, whose headwaters sit adjacent to the Drysdale catchment headwaters. The affinity between these catchments was not detected in the rainbowfish, Melanotaenia australis (Young et al. 2011) . Moreover, other authors have suggested that the Fitzroy catchment should share more affinities with the Pentecost and Ord catchments than the Drysdale catchment because the Drysdale catchment drains the sandstone Plateau, is highly isolated, and only shares a short catchment boundary with the Fitzroy catchment (Unmack 2001 , Cook et al. 2011b ). This unexpected result demonstrates the stochastic nature of intercatchment connectivity for freshwater fish, even in regions with ancient catchments.
Phylogeography and conservation of freshwater species in the AMT Our phylogeographic investigation of these 5 species clearly shows that generalizations about intraspecific diversity across the AMT are elusive. Some species had patterns concordant with predicted phylogeographic breaks, but others did not. For example, at 2 extremes, N. hyrtlii revealed breaks in the predicted regions, whereas N. ater showed a single clade across the entire AMT and New Guinea. These 2 species are similar in their ecology and dispersal behavior (Orr and Milward 1984) . Thus, their strikingly different phylogeographic patterns are difficult to explain. Table 3 summarizes genetic information for all freshwater species for which published genetic information from the AMT is available. Patterns range from Caradina Unknown Cryptic species owing to poor taxonomy; in the Kimberley, the sandstone plateau catchments are divergent from adjacent catchments Cook et al. 2011b cryptic species and unresolved taxonomy to single unstructured species found across the entire AMT. The diversity of phylogenetic and phylogeographic patterns described in Table 3 show that more effort is required to describe genetic structure in species across this region and to understand the drivers that shape these patterns. For example, the recent efforts, such as those by Unmack and Dowling (2010) and Unmack et al. (2013) , are necessary to identify where current taxonomy is lacking and where research should be focused. Detailed, multilocus studies in which the influence of key biogeographic features on intraspecific diversity is explored, preferably in a statistical phylogeographic framework (Knowles 2009 , must follow from these initial taxonomic studies. Such studies are lacking for freshwater taxa in the AMT, and future research efforts should focus on these areas.
Management implications for the AMT
Understanding the full extent of biodiversity is a fundamental question in biology. Therefore, identifying cryptic species and understanding intraspecific diversity, such as Evolutionarily Significant Units (ESUs; Moritz 1994) , is necessary to conserve biodiversity (Avise et al. 1987 , Bickford et al. 2007 . Understanding taxonomic diversity is particularly pertinent in the AMT given the future proposals to develop the region (Bowman et al. 2010) .
In preparation for this development, significant effort has gone into preparing systematic conservation plans for freshwater taxa across the AMT and within catchments (Kennard 2010 , Hermoso et al. 2012a , b, Linke et al. 2012 . The goal of these plans is to identify areas that should be protected to maximize the number of conserved species. All of the plans are based on current understanding of species taxonomy to derive biodiversity surrogates. However, our study shows that significant intraspecific diversity (N. pseudospinosus, O. selheimi) and possibly cryptic species (N. hyrtlii) exist in these 5 species. In addition, other investigators have identified cryptic species and intraspecific variation in other fish in the AMT , Unmack and Dowling 2010 , Cook et al. 2011a . Whether this biodiversity is represented in these plans is unknown. Integrating these data into these plans is the next stage in conserving biodiversity in this region. We hope that the patterns described in our study and in Table 3 will prompt more studies of the biodiversity and the mechanisms that have led to its diversification.
